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Abstract. For most elements, the isotopic ratios seen in cosmic rays (CRs) are similar to
those in the solar wind. The most important exception to this is 22Ne/20Ne where the CR value
is ∼ 5 times that of the solar wind. According to most recent models of nucleosynthesis, a
large amount of 22Ne is generated in Wolf-Rayet (WR) stars. In the winds of carbon sequence
WR stars, i.e., WC stars, the isotopic ratio 22Ne/20Ne can be much larger than in the solar
wind. Here, we consider CRs produced by 22Ne-enriched WR winds in compact clusters of young
massive stars like Westerlund 1. We assume that efficient CR acceleration in clusters occurs over
the WR lifetime in an ensemble of shock waves from multiple massive star winds. We estimate
the fraction of all Galactic CRs such sources may produce for a given set of parameters.
1. Introduction
The origin of Galactic cosmic rays (GCRs) is a long-standing problem of the theoretical and
observational astrophysics. From composition (e.g., [1]) and energy budget requirements (e.g.,
[2]), the main sources of CRs with energies below the knee at ∼ 1015 eV are likely supernova
remnants (SNRs), where particles are accelerated at collisionless shocks due to the first-order
Fermi mechanism (also called diffusive shock acceleration). However, other galactic sources,
such as pulsars and stellar winds, are certain to contribute at some level. Strong stellar winds
from massive stars are a likely source (see e.g. [3, 4, 5, 6, 7, 8, 9, 10]) and this acceleration will
be enhanced in compact star clusters of massive stars where acceleration can take place by the
ensemble of shocks from multiple winds [11, 12].
The chemical composition of GCRs has been investigated with several experiments (IMP-
7[13], ISEE-3[14], Voyager[15], ACE-CRIS[16] and others), while the solar wind composition was
deeply studied by determining meteoritic CI chondrite abundance (see, e.g.,[17]). It has been
shown that abundances of most elements and isotopes are similar to solar-system abundances
once the enhanced contribution of high-mass elements and refractory elements from interstellar
dust are considered (see [18]). The most important isotope difference is the 22Ne/20Ne ratio. In
the solar wind 22Ne/20Ne = 0.07, while in GCRs 22Ne/20Ne = 0.387± 0.027, which corresponds
to 22Ne enhancement by a factor of 5.3 ± 0.3 [16].
After the discovery of the 22Ne overabundance, a number of possible mechanisms of this
phenomena were proposed (e.g., [19, 20, 21]). In 1982 Casse and Paul [22] introduced their
explanation of the neon excess, which is currently the most widely accepted one. They suggested
that the overabundance of 22Ne came from ejecta of carbon stage Wolf-Rayet (WC) stars. During
He-burning in WR stars almost all 14N is transformed into 22Ne through the chain of reactions
14N(α, γ) 18F(e+ν) 18O(α, γ) 22Ne. The 22Ne-enriched material is then expelled in the stellar
wind of the WC star. Casse and Paul estimated that the 22Ne excess at the surface of WC stars
is ∼ 120, so, the contribution of such sources to the GCRs should be ∼ 2%. This mechanism
was later studied quantitatively using the numerical models of massive stars [23, 24].
While WR stars seem a likely source of 22Ne, the mechanism of particle acceleration
remains an issue. CR acceleration may occur in galactic superbubbles produced by OB star
associations with multiple supernovae [25, 9]. Higdon and Lingenfelter (2003) [26] suggested
that superbubbles, where the combined action of SN shock waves and stellar winds takes place,
can be the possible sources of a substantial fraction of GCRs. Using the stellar models by
Schaller et al. [27], they found that the observed value of 22Ne/20Ne can be achieved with a
mixture of ∼ 20% WR star material and ∼ 80% material with standard composition. Another
idea, proposed by Prantzos [28], is that GCRs are accelerated by the forward shocks of SN
explosions as they run through the pre-supernova winds of the massive stars and through the
interstellar medium. Prantzos suggested that acceleration takes place in the Sedov-Taylor phase
of the SNR.
In this work we suggest that young massive star clusters can be a significant source of GCRs
and enhanced 22Ne/20Ne. It is considered that energetic particles can be effectively accelerated
by very energetic outflows with multiple shocks from massive star winds. We examine a typical
cluster and show the dependency of 22Ne/20Ne on cluster age and the cluster initial mass function
(IMF). We take one of the most well investigated massive clusters, Westerlund 1, as an example.
The fraction of massive stars born in compact clusters compared to those born in loose OB-
association is still debated [29]. For the point of our interest, we consider both compact clusters
with scales below a parsec, and larger OB associations at early stages of their evolution, to show
similar effects contributing to enhanced 22Ne/20Ne in CRs.
2. Particle acceleration at colliding shock flows in massive star clusters
For more than three decades the interacting winds of massive stars have been considered as
potential CR accelerators [3, 30, 5, 22, 6, 31, 32]. Particle acceleration in SN shock waves and
massive star winds in OB associations and superbubbles was studied in detail in [25, 33, 11]. It
was shown recently in [11, 34] that a supernova occurring in a compact cluster of young massive
stars like Westerlund 1 can accelerate CRs to well above PeV energies with an acceleration time
below ∼ 103 yr. While these events can produce observable PeV neutrinos fluxes, during most of
their lifetime they will accelerate lower energy CRs in shocks and MHD turbulence produced by
the colliding winds of the very young stars in the compact cluster. Kinetic equations describing
the collective action of a system of many supernova shocks were derived in [35, 36].
Spectroscopic data show that WR stars, along with O- and B-type stars, have powerful stellar
winds with velocities of 1000 − 3000 km/s. Due to their small size and high star density [37],
young massive star clusters are likely to have strong colliding magnetohydrodynamic shock flows,
where efficient particle acceleration can take place. Recently, Seo et al. [10] estimated the total
power of O- and WR stars’ winds in the Galaxy as ∼ 1.1× 1041 erg/s. If (1− 10)% of the wind
luminosity is converted to GCR energy, these stellar winds can provide a significant contribution
to the GCR production below the knee.
It is an open issue how many stars in the Galaxy are members of star clusters. While it is
often assumed that most stars are formed in dense star clusters, there is little agreement on the
precise fraction (see, e.g., [29]). Future surveys (e.g. Gaia) are expected to clarify the situation.
The aim of our current work is to investigate the role compact clusters have in the production
and acceleration of CR 22Ne.
3. Method
To get the neon isotopic yields, as well as lifetimes of massive stars and mass loss rates, we use
one of the most recent stellar evolution models of the Geneva group (Ekstro¨m et al. [38], Georgy
et al. [39]). They have calculated grids of non-rotating and rotating models with metallicity
Z = 0.014 and initial star masses from 0.8 to 120 M⊙. The velocity of rotation in rotating
models is v = 0.4vcrit, where vcrit =
√
2GM/3R (G is the gravitational constant, M is the star
mass, R is the star polar radius) [38]. To determine the mass of neon isotopes ejected by O-, B-
and WR stars, we use interpolations of the Geneva group tabulations of the neon surface mass
fractions, Σ22(m, t) and Σ20(m, t), the mass loss rate M˙(m, t), and the lifetime of the star tl.
Thus, for a single star with the initial mass m, the total mass of neon isotope i (i = 20, 22),
ejected in the wind by the time t, equals:
Mi(m, t) =
∫ t
0
Σi(m, t
′)M˙ (m, t′)dt′ . (1)
If t > tl, thenMi(m, t) =Mi(m, tl). For the entire cluster, we sum the isotopic yieldsMi folded
with the initial mass function (IMF), χ(m) = dn/dm, where χ(m)dm is the number of stars per
unit volume with the initial mass between m and m+ dm. The IMF in different environments
is studied in experiments and usually is represented in the power-law form:
χ(m) = A ·m−γ . (2)
Taking this into account, the neon isotopic ratio at a given moment t (i.e. the ratio of ejected
masses of 22Ne and 20Ne from the whole cluster by the time t) equals:
22Ne
20Ne
=
∫mmax
mmin
M22(m, t)m
−γdm∫mmax
mmin
M20(m, t)m−γdm
. (3)
For our calculation we use the range of initial star masses frommmin = 15M⊙ tommax = 120M⊙.
The power-law index γ is usually determined as γ ≈ 2.3 − 2.7 [10, 40, 41]. However, recent
studies revealed that some clusters (e.g. Arches[42] and Westerlund 1[43]) may have a much
flatter IMF with γ ≈ 1.8. In order to examine the impact of the cluster IMF on the neon isotopic
ratio, we use three different indices in our calculations: γ = 1.8, 2.3, and 2.6.
4. Results and discussion
In Figure 1 we present the 22Ne/20Ne isotopic ratio for a single cluster as a function of the
cluster age, assuming different IMF power-law indices. An inspection of Figure 1 shows that:
– Both rotating and non-rotating models give a maximum of 22Ne/20Ne at 4-5 Myr. At these
times, the amount of ejected 22Ne is significantly larger than 20Ne.
– The isotopic ratio decreases with time and becomes constant after ∼ 12 Myr. In all cases,
that constant value is larger than observed in GCRs.
– The isotopic ratio increases with the IMF flattening, because the fraction of massive stars
which can become a WR star also increases.
– Generally, rotating models give more 22Ne than non-rotating ones. This can be explained
with the fact that rotation allows stars with smaller initial masses (∼ 30M⊙) to become
WR stars [39].
We have obtained results showing that star clusters can begin producing a substantial amount
of 22Ne in CRs after ∼ 3Myr. Over their lifetime, we estimate they may contribute at least
30 − 50% of the galactic CR enrichment in 22Ne/20Ne, depending on the number of clusters.
The remaining fraction of 22Ne enriched CRs may be accelerated during the early evolutionary
stages of OB associations. One of the most massive and well-known clusters is Westerlund 1.
Considering its age (∼ 5Myr), its IMF power-law index (γ ∼ 1.8), and the fact that observations
(e.g. [44]) show plenty of WC stars, it is a prime candidate for producing CR 22Ne. Of course,
keeping in mind the residence time of GeV CRs in the Galaxy (> 10 Myr), it is impossible
to point to particular clusters as sites of 22Ne enrichment. Our results suggest that compact
massive star clusters may be a significant source of the observed neon isotopic ratio.
Figure 1. Left panel: neon isotopic ratio as a function of star cluster age for three values (as
indicated) of the IMF power-law index for stellar models without rotation. Right panel: the
same for stellar models with rotation.
5. Summary
We examine young massive star clusters as an alternative source of Galactic CRs and, in
particular, the observed 22Ne/20Ne ratio. We assume that efficient particle acceleration takes
place in the multiple shock waves produced by interacting winds of O-, B-, and WR stars. Using
state-of-the-art stellar evolution models, we calculate the amount of neon isotopes produced by
such sources and conclude that massive star clusters can produce a significant fraction of GCRs
and 22Ne.
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